Objective: The purpose of this study was to determine whether the effect of age on electrical field stimulation (EFS)-induced endothelium-dependent vasodilation was different in males and females. Methods: Young (3 month) and old (25 month) Fisher 344 rats were studied: young females (YF, n534), young males (YM, n528), old females (OF, n519), and old males (OM, n524). Isolated mesenteric resistance arteries (endothelium-intact and denuded) were pressurized, and outer diameter was monitored. EFS-response curves (0.1-8 Hz) were performed in preconstricted arteries in the presence of guanethidine. EFS responses were expressed as percent relaxation from preconstricted diameter. Area under the curve (AUC) was calculated and comparisons were made using ANOVA and t-tests. Results: Males became less responsive to EFS-induced vasodilation with age, while responses among females were unaffected (AUC: YM5344623, OM5253625, P50.008; YF5397621, OF5365625, P50.33). Endothelial denudation produced a significant decrease in EFS-induced dilation among all rat groups. The effect of denudation was greater in young animals compared to old. Incubation with the nitric oxide synthase inhibitor Nv-nitro-L-arginine (LNA) significantly decreased EFS responsiveness among all of the rat groups. Conclusions: EFS-induced vasodilation declines with age among males. In YF and YM endothelium-dependent EFS-induced vasodilation is mediated by the release of endothelium-derived NO. With age, endothelial function declines, which is likely due to a decrease in the production of endothelium-derived NO. A decline in endothelial-derived NO is likely responsible for the decrease in EFS-induced vasodilation with age among males.
Introduction
endothelial dysfunction [3] [4] [5] . With age there are structural alterations within the vasculature that result in diminished The vascular endothelium is a dynamic structure that compliance, enhanced vessel stiffness and thickness, and plays a central role in cardiovascular health, in part via the vascular endothelial dysfunction [6, 7] . In both coronary release of vasoactive substances [1, 2] . Dysfunction of the and brachial arteries, investigators have reported decreased endothelium is associated with the development and responses to endothelium-dependent vasodilators without a progression of a number of cardiovascular diseases, includcorresponding decline in response to endothelium-indepening atherosclerosis and thrombosis. Several risk factors for dent vasodilators with advancing age [8] [9] [10] [11] . The male the development of coronary heart disease, such as adgender is also a risk factor for cardiovascular disease. Prior vancing age and the male gender, are associated with to age 60, men develop cardiovascular disease at twice the rate of women [4, 5] . Celermajer et al. [12] reported a gender difference in age-related endothelial dysfunction in [12] [13] [14] and nitric oxide (NO) release [15, 16] when overdose of sodium pentobarbital (120 mg / kg, i.p.) folcompared to men. These reports suggest that age-related lowed by thoracotomy. A portion of the small intestine cardiovascular alterations are different in men and women.
was removed and placed in cold physiological salt solution In this study, we examined the effect of age on electrical of the following composition (in mmol / tions with elevated tone. EFS-induced dilations have been Using a dissecting microscope, a mesenteric resistance reported to occur via endothelium-independent and endoartery was isolated, cleared of fat and connective tissue and thelium-dependent mechanisms. Endothelium-independent placed in a chamber of a dual-chambered arteriograph EFS-induced vasodilation is abolished by incubation with (Living Systems Instrumentation, Burlington, VT). One the neurotoxin tetrodotoxin (TTX) or the sensory nerve end of the vessel was cannulated with a glass microcannula inhibitor capsaicin [17, 18] , indicating that dilator responses and the vessel lumen was rinsed with physiological salt are mediated by the stimulation of primary sensory nerve solution to remove the blood. The distal end of the artery fibers and the release of dilatory neurotransmitters [17- was then secured to another glass microcannula. The artery 20]. Nerve-mediated vasodilator responses are slow in was secured to the cannulae using nylon ties. The vessel onset and recovery. EFS has also been reported to induce was pressurized to 60 mm Hg and the pressure was endothelium-dependent vasodilation in the presence of maintained using an automatic servo device (Living Sysneuronal inhibitors in isolated pulmonary and mesenteric tems Instrumentation, Burlington, VT). arteries [21] [22] [23] . Following removal of the endothelium,
The artery was bathed by warmed (378C), gassed (95% these dilator responses are abolished. Endothelium-depen-O , 5% CO ) physiological salt solution, at a flow rate of 2 2 dent relaxation in response to EFS has been demonstrated 20 ml / min. The arteriograph was placed on the stage of an to be mediated by the release of endothelium-derived NO inverted microscope and the outer diameter of the vessel [22, 23] . EFS-induced endothelium-dependent vasodilations was monitored using computerized image analysis consisthave a rapid onset and recovery [21] [22] [23] .
ing of a Framegrabber card (PCVision Plus) and approThe effects of age and gender on endothelial function priate software (Microsciences Incorporated, Seattle, WA). have primarily been examined using agonist stimulation of
The vessel was allowed to equilibrate for 45 min. At this the endothelium. The EFS-stimulation parameters that we point the viability of the vessel was determined by 26 used in this study produced an endothelium-dependent contracting the vessel with 10 mol / l phenylephrine 25 vasodilation, allowing us to examine endothelial function followed by 10 mol / l acetylcholine to relax the vessel. in a novel way. The purpose of our study was to determine if the effect of aging on EFS-induced vasodilation is 2.3. Electrical field stimulation-induced vasodilation different between males and females.
Electrical field stimulation was performed by securing two parallel platinum electrodes (Living Systems Instru-2. Methods and materials mentation, Burlington, VT) on either side of the isolated artery in the arteriograph. The electrical current was driven 2.1. Animals by a Grass S48 stimulator set to the following parameters: 0.3 ms delay, 1.0 ms duration, 10 V, 60 mA. Between the Male and female Fisher 344 rats of two different ages stimulator and the electrodes was placed a Stimu-Splitter II were used this study: 3-month-old (young rats) and 26-(Med-Lab Instruments, Loveland CO), a device that serves month-old (senescent) rats. The rats were obtained from to modulate waveform distortion and allows for measurethe colonies at the National Institute on Aging and were ment of current at the electrodes. barrier-raised. The rats were housed in individual Thoren Vessels were incubated with the adrenergic nerve inhibcages (laminar airflow, autoclaved food, water, and beditor guanethidine (5 mM) [18] and preconstricted to 60% ding) in temperature and humidity controlled, light-cycled of their resting baseline diameter with phenylephrine. The (600-1800 h) quarters with ad libitum access to standard arteries were stimulated at each frequency (0.1, 0. 
. Preparation of vascular tissue
were performed in each vessel. Preliminary studies confirmed that multiple frequency-response curves could be The rats were weighed and then euthanized using an performed reliably in all of the rat groups.
Role of sensory nerves
tetrodotoxin (1 mM), guanethidine (5 mM), hCGRP 8 -37 (0.5 mM) were all made in distilled water. Stock solutions The contribution of sensory nerves to EFS-induced for capsaicin (5 mM) were made in 95% ethanol. Stock vasodilation was examined using tetrodotoxin and capsolutions for pyrilamine (0.3 mM) and atropine (10 mM) saicin. Frequency-response curves were performed in the were made in buffer. All further dilutions were made in absence and presence of the neurotoxin tetrodotoxin (TTX, water. The maximum ethanol concentration in the bath did 300 nM) [24] and the sensory nerve inhibitor capsaicin not exceed 0.1%. (500 nM) [25] . Arteries were preincubated with TTX for 10-min, and curves were performed in the presence of 2.8. Statistical analysis TTX. Arteries were pretreated with capsaicin for 20 min, the artery was then rinsed and a frequency-response curve All data are expressed as mean6SEM. Vasodilator was performed. The effects of TTX and capsaicin on responses are expressed as a percent of the PE preconstric-EFS-induced vasodilation were examined in different tion. Curves were analyzed by calculating the area under arteries.
the curve (AUC, % relaxation3moles / l; GraphPad Prism 2.01). Control responses between the four rat groups were 2.5. Role of the endothelium made using a two-way ANOVA (STATISTICA for Windows 4.0; StatSoft, Inc., Tulsa, OK) (factor 15age; factor To examine the role of the endothelium in the modula25gender). Individual comparisons were then performed tion of EFS-induced vasodilation, frequency-response using a Student Newman-Keuls test. To analyze the curves were performed in endothelium-denuded arteries.
effects of pharmacological inhibitors on the AUC, within Endothelium denudation was accomplished by first rubbing group comparisons were made using a t-test for dependent the vessel lumen with a human hair and then passing air samples (STATISTICA for Windows 4.0; StatSoft, Inc., bubbles through the lumen [26, 27] . Denudation was verTulsa, OK). Between group comparisons were made using ified by the absence of a vasodilator response to acetylrepeated-measures ANOVA (STATISTICA for Windows choline in a vessel preconstricted with phenylephrine.
4.0; StatSoft, Inc., Tulsa, OK). Individual comparisons Following the denudation protocol, if an artery failed to between the rat groups were performed using a t-test for have a robust constriction to phenylephrine or had any independent samples. To analyze the effect of endothelium residual dilation to acetylcholine it was not used in the denudation on dilator responses, the mean AUC following study. To examine the role of endothelium-derived NO, denudation was compared to the mean AUC for the group frequency-response curves were performed in the absence control response using a t-test for independent samples. and presence of the nitric oxide synthase inhibitor Nvnitro-L-arginine (LNA; 100 mM) [27] .
Results

Pharmacological analysis of EFS-induced vasodilation
EFS produces frequency-dependent vasodilation
To elucidate the mechanism responsible for EFS-in-A typical tracing of an EFS-induced frequency-response duced vasodilation, pharmacological inhibitors were emcurve is shown in Fig. 1 . The dilator response is rapid in ployed. The role of cholinergic nerves was assessed using onset and recovery. Arteries begin to dilate within seconds atropine (1 mM). The role of CGRP was examined using of turning on the stimulator and the recovery phase of the the CGRP receptor antagonist hCGRP (500 nM). The dilator response begins within seconds of turning the 1 8 -3 7 contribution of histamine was examined using the H stimulator off. Effect of age on EFS-induced vasodilation in female products was determined using the cyclooxygenase inhiband male rats itor indomethacin (10 mM).
Frequency-response curves for arteries from female and 2.7. Drugs male rats are shown in Figs. 2A and B, respectively. Shown in Fig. 3 are the integrated AUC values for the four Acetylcholine, phenylephrine, LNA, tetrodotoxin, rat groups. Baseline diameters (in mm) of the arteries at the guanethidine, capsaicin, atropine, pyrilamine and beginning of the experiment were: young females (YF): hCGRP were all purchased from Sigma Chemical (St. 25767, old females (OF): 28365, young males (YM): 8 -37 Louis, MO). Buffer reagents were purchased from Fisher 27268 and old males (OM): 294611. Arteries from YF Scientific (Pittsburgh, PA). Tiotidine was purchased from were slightly but significantly smaller than arteries isolated Tocris (St. Louis, MO). Stock solutions of acetylcholine from OM (YF vs. OM, P50.010). Percent constrictions (100 mM), phenylephrine (10 mM), LNA (10 mM), from baseline diameter in response to phenylephrine of the (Fig. 2) . Among the males there was a significant decrease in EFS-induced dilation with age (see Figs. 2B and 3). Advancing age had no effect on dilator responses among the females (see Figs. 2A and 3 ). OM were significantly less responsive to EFS-induced dilation compared to the other rat groups, as indicated by a significantly lower AUC (see Fig. 3 for AUC values and Fig. 3 legend for P values).
The role of sensory nerves in EFS-induced vasodilation
Fig. 2. Effect of age on EFS-induced vasodilation. EFS-induced dilation was unaltered by age in females (A). Males exhibited a significant decline
The effect of capsaicin treatment and TTX on EFSin EFS-induced dilation with advancing age (B). See Fig. 3 for AUC induced vasodilation is shown in Table 1 . Capsaicin had values. Numbers in parentheses refers to the number of rats in each no effect on EFS-induced dilation in YF, OF or YM.
group. Values represent means6SEM.
Among OM, following capsaicin treatment there was a significant decrease in EFS-induced vasodilation. TTX had no effect on dilator responses among any of the rat groups compared to OM, indicated by the finding that denudation (see Table 1 for AUC values, see legend for P values).
abolished the age effect (P50.49).
The role of the endothelium in EFS-induced 3.5. The role of nitric oxide in EFS-induced vasodilation vasodilation
The nitric oxide synthase inhibitor LNA significantly Endothelial denudation significantly decreased EFS-indecreased EFS-induced vasodilation in all of the rat groups duced vasodilation in all rat groups (Fig. 4) . Denudation (Fig. 5) . had a greater effect among young animals compared to old animals. Following denudation, YF were significantly less 3.6. Pharmacological analysis of EFS-induced responsive to EFS compared to OF (P50.020). Among vasodilation males, prior to denudation YM were significantly more responsive to EFS compared to OM (P50.037). DenudaPreliminary experiments were performed to characterize tion inhibited vasodilation to a greater extent among YM the nature of the EFS vasodilatory response. We found that 
. Effect of endothelial denudation on EFS-induced vasodilation. cantly less responsive to EFS compared to the other rat groups, as
Denudation significantly decreased EFS-induced dilation in all rat groups indicated by the asterisk (*) ( the dilation is resistant to atropine (1 mM), hCGRP 8 -37 (500 nM), pyrilamine (3 mM) plus tiotidine (1 mM), and OM and OF, there appeared to be extra-endothelial sources indomethacin (10 mM) (data not shown).
of NO. Extra-endothelial sources of NO were more pronounced in OF since EFS-induced dilation was maintained despite the decline in endothelial function.
Discussion
EFS-induced vasodilation has been reported to occur via endothelium-independent as well as endothelium-depenIn this study we found that EFS produces endotheliumdent mechanisms. All of the studies examining EFS-independent vasodilation in isolated mesenteric resistance duced sensory vasodilation in the rat mesentery have been arteries. Among YF and YM, EFS-induced vasodilation performed using the isolated perfused mesentery. There are was mediated by the release of endothelium-derived NO.
numerous reports in the literature that EFS of the perfused EFS-induced vasodilation declined with age among male mesentery results in endothelium-independent vasodilation. rats, but was maintained with age among females. Among This response has been characterized as TTX and capsaicin both males and females there was a decline in endothelial sensitive and is mediated by the stimulation of sensory function with advancing age that was likely due to a decrease in the production of endothelium-derived NO. In nerves and the release of the dilator neurotransmitter there was a significant decrease in responsiveness to EFS-CGRP. Our study is one of few to examine EFS-induced induced vasodilation among male rats, while dilator redilation in isolated arteries.
sponses were maintained with age among females. This In contrast to the perfused mesentery, EFS of isolated finding is consistent with a number of reports in both mesenteric resistance arteries produced a frequency-depenexperimental animals as well as humans in which females dent vasodilation that persisted in the presence of TTX and have enhanced dilator responses compared to males capsaicin, suggesting that the response was not mediated [13, 14, 33] . This enhanced dilation observed among by the stimulation of sensory nerves. Among OM capfemales has been postulated to be mediated, at least in part, saicin significantly inhibited EFS-induced vasodilation, by estrogen. Our evidence suggests that even at 25 months however, since TTX had no effect it is unlikely that this of age, the females used in this study were still cycling response is due to the stimulation of sensory nerves.
(unpublished data) and therefore had significant amounts of Preliminary experiments in YF suggested that CGRP was estrogen. One of the mechanisms by which estrogen is not involved in EFS-induced vasodilation and a role for thought to enhance dilator response is through the maintecholinergic nerves in the dilation was eliminated, as nance of the vascular endothelium and stimulation of the atropine did not alter EFS-induced dilation. The finding production of NO [33] [34] [35] . We examined the possibility that the dilation is resistant to a number of neuronal that there was a gender difference in the effect of aging on inhibitors supports the conclusion that the dilator response vascular endothelial function. is not mediated by sensory nerves. This conclusion is Among both males and females, endothelial denudation further supported by the finding that following mechanical suppressed EFS-induced vasodilation to a greater extent denudation of the endothelium, EFS-induced vasodilation among young animals compared to old animals. This was significantly inhibited in all of the rat groups.
suggests that endothelial function, and the ability of the Our finding supports other reports in the literature that endothelium to respond to EFS, declines with age. Our EFS induces endothelium-dependent vasodilation in isofinding supports experimental studies that have reported a lated arteries. Frank and Bevan [21] demonstrated that selective decline in agonist-induced endothelium-depen-EFS-induced dilation of isolated pulmonary arteries was dent dilation of isolated mesenteric arteries [36] , aorta endothelium-dependent; vasodilator responses could be [37, 38] and the perfused mesentery [39] in response to restored to an endothelium-denuded artery by an endoadvancing age. Results in animal studies are supported by thelium-intact artery. Using a double vessel preparation, an a number of epidemiological studies. Investigators have inverted endothelium-intact artery is placed inside an reported age-related declines in response to endothelialendothelium-denuded artery, following the addition of the dependent vasodilators without a corresponding decrease intact artery, dilator responses to EFS are restored to the in response to endothelial-independent vasodilators in both denuded artery. Further support for endothelial mediation coronary [8, 9] and brachial arteries [10, 11] . This was of EFS-induced dilation is derived from a study by Geary actually an unexpected finding, we had expected that with et al. [28] in which effluent from electrically stimulated advancing age endothelial function would be preserved cultured bovine aortic endothelial cells induced relaxation among females, since they were still cycling and EFS in endothelial denuded rat tail arteries. These studies dilator responses were maintained. It is possible that verified that EFS-induced dilator responses can be meestrogen is acting to maintain dilator responses via an diated by the endothelium. Endothelium-dependent relaxaalternate mechanism. tion in response to EFS has been demonstrated to be
We examined the role of endothelium-derived vasodilatmediated primarily by the release of NO [22, 23] .
ors in mediating EFS-induced vasodilation using pharmaThere are reports in the literature that mast cells are cological inhibitors of cyclooxygenase products and NO. closely associated with sensory nerves and it has been
We found that cyclooxygenase inhibition using insuggested that sensory neurotransmitters released in redomethacin had no effect on EFS-induced dilation, sugsponse to EFS induce degranulation of mast cells and the gesting that PGI is not mediating the response. Incubation 2 release of histamine [29, 30] . Histamine is known to with LNA however, significantly decreased dilator remediate endothelium-dependent vasodilation via the stimusponses in all rat groups. This result supports the findings lation of histamine H receptors located on the vascular of other investigators that endothelium-dependent EFS-1 endothelium [31, 32] . We report that the histamine receptor induced dilation is mediated by the release of NO [22, 23] . antagonists pyrilamine and tiotidine did not alter the In young animals, both males and females, LNA response, suggesting that mast cells are not mediating the abolishes the ability of arteries to dilate in response to observed vasodilation. Therefore, under the stimulation EFS. As the response in the presence of LNA was similar parameters we used, EFS appears to directly stimulate to the effect of endothelial denudation, EFS-induced endothelium-dependent vasodilation.
dilation among YM and YF appears to be mediated by the In this study we examined the question of whether age stimulation of endothelium-derived NO. differentially affects EFS-induced endothelium-dependent Similar to the finding in YF, LNA abolishes the EFS vasodilation in male and female rats. With advancing age, dilator response among OF. However, unlike YF, the effect of LNA in OF appears to be greater than the effect of Since the endothelium-resistant portion of the response is denudation. Since NO production is maintained in OF comparable between young and old males, it is unlikely despite the decline in endothelial function, it is likely that that this factor is responsible for the observed decline in that there are extra-endothelial sources of NO acting to EFS responsiveness with age. compensate for the loss of endothelium-derived NO.
We conclude that EFS-induced vasodilation declines Analogous to observations among OF, the effect of NOS with age among males. In YF and YM endotheliuminhibition was greater than the effect of denudation on dependent EFS-induced vasodilation is mediated by the EFS-induced dilation in the OM, suggesting extra-endorelease of endothelium-derived NO. With age, endothelial thelial sources of NO are present in OM as well. Therefunction declines, which is likely due to a decrease in the fore, with advancing age in females there is a decline in production of endothelium-derived NO. In OM and OF, endothelial function, although EFS-induced dilator rethere appear to be extra-endothelial sources of NO; these sponses are maintained by the stimulation of NO release sources appear to be more pronounced in OF since EFSfrom other sources. However, with advancing age among induced dilation is maintained in the face of endothelial males, extra-endothelial sources of NO are insufficient to dysfunction. Among males there is a portion of EFSrestore the depressed EFS response to levels observed in induced vasodilation that is resistant to endothelial denudayoung animals.
tion, NO inhibition and TTX. Since the endotheliumAlthough we did not identify the extra-endothelial resistant portion of the response is comparable between source of NO in our study, there are a number of young and old males, a decline in endothelial-derived NO possibilities. NO is known to be localized in sensory is likely responsible for the decrease in EFS-induced nerves [40] , sympathetic nerves [41] , and in vascular vasodilation with age among males. smooth muscle [42, 43] . Since incubation with TTX did not alter dilator responses among old animals, it is unlikely that NO is being released from either sympathetic or
